Background
Hydraulic actuators are commonly used in mechanical systems, and actuator efficiency is one of the most important factors in these systems [1] . The energy loss to overcome friction force makes the actuator less efficient. Wearable rehabilitation robotics is one of the applications of hydraulic actuators. Hydraulic cylinders deliver the power extracted from the external resources and/or less stroke-affected limbs to the more stroke-affected limbs (Fig. 1) .
O-ring seal, rolling diaphragm, and gap seal cylinders are three common technologies that have been used in different hydraulic systems for years. O-ring seal actuators use an O-ring seal between the piston and cylinder. Rolling diaphragm actuators have a diaphragm between the cylinder and piston which rolls back and forth. In gap seal cylinders, there is a gap between the piston and cylinder. Since it is a tradeoff between leakage and friction, leakage between the two chambers in these cylinders is tolerated to reduce friction (Fig. 2) . One study examined low friction cylinders in a low pressure hydraulic transmission [2] . In this study, rolling diaphragm cylinders were used in the transmission, but the restriction on stroke length of these cylinders is a problem that needs to be solved. Commercial rolling diaphragms are manufactured using compression molding of a sheet rubber and woven fabric [2] , a manufacturing method that limits the stroke length to no more than the bore of the cylinder. Rolling diaphragm cylinders with the higher stroke-to-bore ratios could multiply the work per cycle of the system [2] . Furthermore, there are limitations of using short stroke length rolling diaphragm cylinders [3] [4] . A more thorough friction evaluation of various cylinder technologies is needed to determine which technology has the lowest friction and is most appropriate for low pressure hydraulic systems like rehabilitation robots. Developing a low friction, leakage-free cylinder without stroke limitations is needed for small hydraulics.
Using an experimental test, we measured the resistance forces in three types of cylinders: O-ring, gap seal, and rolling diaphragm. The cylinders were tested at low-pressure and with mineral oil to determine the lowest friction cylinder technology. The same friction test was performed in a novel, long-stroke, rolling diaphragm cylinder (LSRD) to compare it in two different thicknesses with commercial actuators.
Methods

Fabrication of the Long-Stroke Rolling Diaphragm (LSRD) Cylinder
A new fabric manufacturing method was used in the longstroke rolling diaphragm (LSRD) that provides a high stroke length. Cotton fabric was used to give structure and strength to the diaphragm. The fabric was wrapped around a mold and fabric glue was used to bond the seams of the fabric after wrapping it. An O-ring was wrapped and glued on the bottom of the diaphragm to clamp it inside the cylinder. Deep coating was used to add polychloroprene, an oil resistant elastomer, on the shaped fabric to seal it and give it flexibility. After coating, the diaphragm was placed in an oven for curing.
The final thicknesses of the two LSRDs were 0.33 and 0.58 mm since two cotton fabrics with different thicknesses were used. The rolling diaphragm that was tested had a 2:1 strokebore ratio. A burst pressure limit test was performed on the diaphragm by pumping oil into the LSRD cylinder and measuring the pressure.
The LSRD cylinder is shown in Fig. 3 . It weighs 67g with a PEI plastic rod and 3D printed case and piston. 
Test Apparatus
The apparatus shown in Fig. 4 was used to test the cylinders at different velocities and loads. The following shows the force equilibrium for the piston = + (1) where is the weight hanging from the piston, is the gravitational acceleration, is the pressure in the outlet, is the piston rod side area, and is the friction force. A needle valve was used to adjust the velocity of the piston and maintain a constant velocity. The friction was calculated by finding the pressure in the outlet. The rod velocity was measured by a noncontacting position sensor to ensure that the velocity is constant and the force equilibrium is valid.
Test Protocol
Cylinders with bores in the range of 14 to 22 mm were chosen for the test. The O-ring, gap seal, rolling diaphragm, and LSRD cylinders had bores of 14.3304, 15.88, 17.76, and 21.03 mm respectively. With respect to the pressure limit of each cylinder and the maximum force which is needed for future studies, four loads and velocities were chosen. The test was repeated three times for each configuration to reduce the friction random action influence. 
Results
Each test was performed three times and the average of each is shown in the following figures. Fig. 5 shows the cylinder friction force as a function of the load for 0.5 mm/s velocity. While the friction force goes up with the chamber pressure, a significant performance difference between the various cylinders can be seen in this figure. A fatigue test of 1000 cycles was performed on the thinner diaphragm, and a burst pressure of 80 psi was reached after. 
Interpretation
The experimental results demonstrate that friction for all types of cylinders increase with higher loads. However, system efficiency generally increases with higher pressures [1] . The results from the test show that friction is independent of velocity for all the cylinders in this range of speed. However, there is a possibility of friction and velocity dependency at higher velocities.
The results show a 28 to 40 percent of friction to load for O-ring cylinders. Therefore, this type of cylinders is not recommended for low pressure, passive hydraulic devices. The results indicate 2 to 5 percent friction force for gap seal and rolling diaphragm cylinders. As shown in Fig. 6 , the friction for these two cylinder types is almost the same. Passive hydraulic devices need a force and volume efficient actuator with lower leakage than the gap seal and a longer stroke length than the current diaphragm technologies. Hysteresis is the only factor creating friction force against the movement in rolling diaphragms, and it is higher in thicker diaphragms. The friction is about 12 percent of the load for thicker diaphragms. The results show that friction in a thin LSRD is in the same range as the commercial rolling diaphragm and gap seal cylinders. LSRDs can have higher stroke-bore ratios, whereas all the commercial rolling diaphragms have stroke-bore ratios of 1 or less.
The LSRD prototype cylinder constructed for this study weighed 67g which is significantly lower than a comparable commercial model (Bellofram 38.1 mm bore size cylinder, 367g). LSRD is a good alternative for gap seal cylinders or commercial rolling diaphragms, since they have a leakage problem and stroke limitations respectively. It can be used in small hydraulic devices to achieve high force and volume efficiency. Soft actuators can be developed later on the same idea and be used in hydraulic robots [5] . 
